Abstract Aging is a complex multifactorial process, a prominent component being the senescence of the immune system. Consequently, immune-related diseases develop, including atherosclerosis, cancer, and life-threatening infections, which impact on health and longevity. Rejuvenating the aged immune system could mitigate these diseases, thereby contributing to longevity and health. Currently, an appealing option for rejuvenating the immune system is heterochronous autologous hematopoietic stem cell transplantation (haHSCT), where healthy autologous bone marrow/peripheral blood stem cells are collected during the youth of an individual, cryopreserved, and re-infused when he or she has reached an older age. After infusion, young hematopoietic stem cells can reconstitute the compromised immune system and improve immune function. Several studies using animal models have achieved substantial extension of the life span of animals treated with haHSCT. Therefore, haHSCT could be regarded as a potential procedure for preventing age-related immune defects and extending healthy longevity. In this review, the pros, cons, and future feasibility of this approach are discussed.
Introduction
Aging in animals and humans is defined as an accumulation of deleterious changes in cells and tissues that develop with advancing age, and increase the risk of disease and death of an individual (Harman 2003) . The prevention or resolution of old age pathologies (i.e., cardiovascular disease, stroke, cancer, infections) would contribute to increasing human life expectancy and improved quality of life in old age (Hayflick 2004) . Unfortunately, clinical translational approaches to achieve this goal have been less successful in humans (Kaeberlein et al. 2015; Moskalev et al. 2017) .
Many mechanisms have been proposed to explain the aging process, but none of them covered the whole spectrum of the aging process. Various cellular pathways have been extensively studied and many mechanisms that damage certain molecules/groups of molecules have been identified as potential biological Bculprits^of aging. This has led to immense interest in finding counteracting agents that could prevent or delay the aging process in a classical pharmacological way. Several groups of potential interventions and remedies have been identified, each showing some translational potential. The most studied were exercise, dietary restriction, use of dietary restriction mimetics/mTOR inhibitors, resveratrol, activators of the AMPK pathway, metformin and acarbose, and many more that were reviewed in extenso elsewhere (Beyret et al. 2018; Kaeberlein et al. 2015; Longo et al. 2015) . Although these interventions were successful to some extent in the laboratory, it is too soon to know how successful they will be in clinical translation, which is due to the fact that aging consists of several processes that interact and operate simultaneously, ultimately contributing to fatal diseases of organs, organ systems, and death (Goodell and Rando 2015; Kaeberlein et al. 2015; Longo et al. 2015; Scudellari 2015; Weinert and Timiras 2003) .
Although many organs are affected by aging, authors agree that the immune system as a part of the larger neuro-endocrine-immune axis represents the main system targeted by aging, as recently reviewed by Franceschi et al. (Franceschi et al. 2017) and Fulop et al. (Fulop et al. 2017) . This means that supporting immunity can be considered a major antiaging strategy. One of the strategies that can support the immune system, but has not yet been tackled by geriatric scientific community, although it has been used extensively in hematology, is bone marrow transplantation (BMT). The concept is based on enhancing the senescent immune system with young, healthy, autologous hematopoietic stem cells (HSCs) that had been collected from the same individual in his/her youth and cryopreserved for a long period. After re-infusion, the young HSCs establish stable hematopoietic chimerism, which could rejuvenate the immune system and improve immune functions. This process is called non-myeloablative heterochronous autologous hematopoietic stem cell transplantation (haHSCT) and its rationale and description are given in Fig. 1 and Fig. 2 .
Although very logical and tempting, this approach has not yet been clinically explored in humans. Therefore, in this review, the expected impact of the haHSCT procedure on the senescent immune system and resulting age-related diseases will be discussed, and the details of this immunological rejuvenation will be elaborated on. Similarly, the potential impact of haHSCT on healthy life span extension in humans will be presented. Finally, the potential benefits and drawbacks of the procedure will be discussed critically.
Aging and immunosenescence

Immune system deteriorates with age
The main causes of death in elderly are immune system related (cancer, atherosclerosis, infecƟons)
Immune system is reconsƟtuted by haHSCT
Old immune system is rejuvenated by haHSCT
Immune-related aging decreased, onset of age-related immune disorders delayed, healthy life span extended Fig. 1 Rationale for immune enhancement with heterochronous autologous HSCT for the elderly. The immune system of the aged person is compromised, which leads to various age-related morbidities such as cancer, atherosclerosis, infections, autoimmune diseases, and ultimately contributes to the main causes of death. The immune system can be successfully reconstituted with the transplantation of bone marrow-derived HSCs. If young autologous HSCs are used, this can lead to young/old chimerism in which the young HSCs differentiate to a plethora of competent immune progenitors, thereby rejuvenating the compromised immune system of the aged person, the consequences being a decrease in age-related immune disorders and the extension of healthy life span. Abbrev.: HSCT hematopoietic stem cell transplantation, haHSCT heterochronous autologous hematopoietic stem cell transplantation
As mentioned above, almost two decades ago, it became known that the immune system represents the primary target of the aging pathology with cellular changes leading to systemic and chronic low-grade inflammation, which is closely associated with major degenerative diseases and morbidity of the elderly Fulop et al. 2014; Kopp and Medzhitov 2009; Okin and Medzhitov 2012; Pawelec et al. 2014 Fig. 2 The principle of the heterochronous autologous HSCT procedure. Autologous HSCs are collected by means of apheresis from the G-CSF mobilized blood during the youth of a healthy individual. They are stored for a long period and infused into the same individual at a later time when he/she is in need of immune reconstitution due to an increased risk of cancer or other immune disease of old age. Abbrev.: HSCs hematopoietic stem cells, G-CSF granulocyte colony-stimulating factor GeroScience (2018) 40:221-242 223 low-grade chronic upregulation of certain proinflammatory and other detrimental responses, which hamper immune homeostasis. Although some recent opinions highlight that these age-related changes of the immune system are not completely uniform but dynamic, and some authors prefer to speak about Bimmune adaptation and remodeling^instead of immunosenescence (Fulop et al. 2016; Fulop et al. 2017) , inflammation remains the central hallmark of aging (Currais 2015) and inflammaging and the immune system are still considered the main targets for potential antiaging strategies Fulop et al. 2017) . As well as inflammation, the aging of the immune system or Bimmunosenescence^is characterized by several other time-dependent functional alterations of immunity leading to immunodeficiency such as a reduced resistance to infections (High 2004) , poor responses to influenza vaccination (Goronzy et al. 2001; Potter et al. 1999) , and an increased incidence of autoimmunity and cancers (Ginaldi et al. 2004; Larbi et al. 2008; Sansoni et al. 2008) . Similarly, the involvement of immune processes in clinical conditions such as atherosclerosis, diabetes, and dementia have been clearly described McGeer and McGeer 1999) as was the influence of impaired immune system on the increased morbidity and mortality in human subjects, as they age (Grubeck-Loebenstein and Wick 2002; Wayne et al. 1990) .
Senescence is observed already at the macroscopic level in lymph nodes as declining numbers of nodes and morphological degeneration in older age groups, suggesting that these changes might adversely affect immune function and the prognosis of infections and selected cancers in the elderly (Ahmadi et al. 2013) . Even more striking is the profound age-associated involution of the thymus, a lymphoid organ responsible for the T cell development, education, and elimination of self-reacting T cells (Aspinall 1997; Boehm and Bleul 2007; Klein et al. 2009; Li et al. 2003) . After puberty, the thymus begins to atrophy and its function is partially performed by other tissues such as the spleen, which may not be as efficient, as the age-related atrophy correlates with an increase in opportunistic infections, autoimmunity, and incidence of cancer (Chinn et al. 2012; Ventevogel and Sempowski 2013) . In other words, almost every component of the immune system undergoes striking age-associated pathological restructuring, called immunosenescence, which includes both adaptive and the innate compartments of the immune system (De la Fuente et al. 2005; Ortega et al. 2000) .
Besides the evident deterioration of individual immune progenitors in the innate and adaptive compartments, the aging process irreversibly affects their mother cells, i.e., hematopoietic stem cells homed in the bone marrow (BM), which undergo various age-related changes resulting in multifactorial exhaustion of hematopoietic/immune stem cell compartments. The changes in these compartments are both qualitative and quantitative, the most obvious change being the age-related clonal expansion in the human HSC pool. This condition is associated with increases in the risk of hematologic cancer and in all-cause mortality, with the latter possibly due to an increased risk of cardiovascular disease (Jaiswal et al. 2014; Schultz and Sinclair 2016) .
Molecular background of immunosenescence and stem cell aging
As there are many different theories on the causes of aging, and their complexity is beyond the scope of this review, it is obvious that there exist several parallel molecular mechanisms that precede immune deterioration of both the innate and adaptive immune system, as well as deterioration of the stem cell pool. As already mentioned, until recently, the most plausible theories shared the opinion that cellular senescence was initiated by oxidative stress and accumulation of reactive oxygen species (ROS) molecules within the mitochondrial compartment. This view was represented in the free radicals theory (Harman 1972; Harman 2003) , mitochondrial theory (Cadenas and Davies 2000) , inflammation theory , and immune theory of aging (Franceschi et al. 2000) . In recent years, the central role of mitochondrial dysfunction based on ROS generation has been challenged, since it has become clear that there exists a rather complicated interplay between various other cellular compartments, and that in some species mitochondrial dysfunction can paradoxically result in life extension as reviewed by Dan Dunn et al. and Yun and Finkel (Dan Dunn et al. 2015; Yun and Finkel 2014) . It became clear that at the cellular level, several other mechanisms of aging exist, such as genomic instability (with activation of the DNA damage response), telomere attrition, epigenetic alterations, loss of proteostasis (including the activation of inflammasome by cell debris and misplaced self molecules, and a defective ubiquitin/proteasome system leading to misfolded/oxidized proteins), defective autophagy/ mitophagy (disposal of dysfunctional organelles), deregulated nutrient sensing, changes of other organelle functions (such as lysosome processing and endoplasmic reticulum stress), altered intercellular communication, and exhaustion of the stem cell pool (Liu 2014; Lopez-Otin et al. 2013 ), see Table 1 . It was also shown that there exist some unexpected but very important external influences on aging immunity, such as changes of microbiota (dysbiosis) (Biagi et al. 2012; Biagi et al. 2013 ).
The impact of age on innate immunity Innate immunity consists of defense provided by phylogenetically conserved pattern-recognition receptors (Toll-like, NOD-like, and Rig-like families of receptors), antimicrobial peptides, complement proteins, and specialized phagocytic myeloid cells, such as macrophages, monocytes, dendritic cells, NK cells, and granulocytes. This part of the immune system recognizes and reacts to conserved external pathogen-associated molecular patterns and internal danger-associated molecular patterns by way of specific receptors that are specialized for the elimination of aggressors during evolution (Kaufmann and Dorhoi Adapted from (Schultz and Sinclair 2016; Wahlestedt and Bryder 2017; Wahlestedt et al. 2015) 2016; Rivera et al. 2016) . Dysfunction in innate immunity results in a reduced response to bacterial and viral pathogens as well as a reduced ability to integrate with the adaptive immune response, leading to defective activation and decreased chemotaxis, phagocytosis, and intracellular killing of pathogens. The loss of innate immune functions has consequences for immunity as well as for longevity (Gomez et al. 2005; Niwa et al. 1989; Ogata et al. 2001; Plackett et al. 2004 ). Age-related defects of innate immunity are observed on the cellular levels of:
Macrophages
Macrophages are suggested to be a focus of inflamm-aging (Franceschi et al. 2000) . With age, a general decline in their functions is seen, which is due to the impaired ability to respond to activation or due to a decline in their responses to activation signals from other cells (Sebastian et al. 2005) . Aging has been associated with alterations in the balance between the pro-and anti-inflammatory cytokines. M o n o c y t e s a n d m a c r o p h a g e s c a n p r o d u c e pro-inflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor-alpha (TNF-alpha). Several studies suggest that their serum levels are increased with advancing age, which is associated with increased risk of cardiovascular diseases (Kritchevsky et al. 2005) . In addition, the adherence capacity of macrophages to tissues, the expression of Toll-like receptors (TLR) such as TLR2 or TLR4 increase with aging (De la Fuente 2008; De la Fuente et al. 2004; De la Fuente et al. 2005) . Two recent longitudinal studies in aged individuals (centenarians) confirmed that with aging, low-grade inflammation is present, which apparently negatively correlates with longevity, so inflammation can serve as a measurable driver of aging up to advanced old age in humans (Arai et al. 2015; Ostan et al. 2008 ).
NK cells
There is an increased number of circulating NK cells with age, but with a decrease in their cytotoxic capacity and production of cytokines and chemokines . This is attributed to the expansion of different NK-cell-subsets such as CD56-NK cells subset, i.e., cells which exhibit lower cytolytic activity (Borrego et al. 1999) . These alterations are responsible for the decreased production of cytokines and the lower cytotoxicity per-cell observed in the elderly (Solana et al. 2012 ).
Dendritic cells
Immune responses of dendritic cells (DCs) in old age are associated with an impaired migration, decreased macropinocytosis and endocytosis of antigens, reduced PI3K activation, and increased LPS-induced TNF-alpha and IL-6 secretion (Agrawal et al. 2007 ). In older individuals, their competence as antigen presenting cells (APCs) is impaired due to the decline in oxidant responses, and defects in intracellular and/or cell-to-cell signaling (Gupta 2014; Wong and Goldstein 2013) .
Granulocytes
Several studies showed that neutrophil adherence increases with age, probably due to an increase in adhesion molecule expression. (Alonso-Fernandez et al. 2008; Esparza et al. 1996; Lord et al. 2001 ). This has been related to oxidative stress and changes in the membrane fluidity, which may have consequences for a range of membrane receptors and for the regulation of cell signaling (Alvarez et al. 2001; De la Fuente et al. 2005; Zou et al. 2004 ). This could explain the reduction in downstream signaling events in old neutrophils, mediating superoxide generation, chemotaxis, and antiapoptotic processes (Fortin et al. 2007; Tortorella et al. 2007) . Neutrophils from elderly subjects show a decrease in chemotactic activity Wenisch et al. 2000) , which is associated with increased morbidity and mortality in aged patients with infections after trauma (Egger et al. 2004) , as well as contributes to the higher risk of other infections in the elderly (Egger et al. 2003; Wenisch et al. 2000) . In addition, the phagocytic capacity of neutrophils also decreases with age (Alonso-Fernandez et al. 2008; Butcher et al. 2001; Wenisch et al. 2000) , contributing to the development of infections.
Several other immune changes for each immune cell type of innate immunity have been described related to aging, and this topic has been comprehensively reviewed elsewhere (Bektas et al. 2017; Molony et al. 2017a; Molony et al. 2017b ). Collectively, we can say that the main characteristics of the aged innate immune system are immune stimulation at the basal level on the one hand, and immune paralysis of specific functions on the other hand, and that the cumulative alterations in the innate immune system may also negatively impact adaptive immune changes with aging (Fulop et al. 2016; Fulop et al. 2017; Iwasaki and Medzhitov 2015) .
The impact of age on adaptive immunity
Age-related defects of the adaptive immune system are numerous, and in the later stage of life, they lead to a progressive decline of immune function and create vulnerability, with a resulting increase in morbidity and mortality in the elderly. Age-related defects and impairments are observed in both the B cell and the T cell compartments of adaptive immunity with the changes in the immune response that are both quantitative and qualitative.
B lymphocytes
Although the number of human peripheral B lymphocytes significantly decrease with age, there is a normal number of naïve B cells Frasca et al. 2008; Shi et al. 2005) . Both human naïve and memory B cells show defects in class switch recombination (CSR) (Frasca et al. 2008) ; therefore, memory cells are deficient in number and function (for CSR), whereas naïve cells are only deficient functionally (Frasca and Blomberg 2009) .
There is a reduced capacity to form antibodies after vaccinations such as influenza vaccination (Potter et al. 1999 ) and viral hepatitis B in older (> 60 years) versus younger individuals (Rosenberg et al. 2013 ). In the elderly, shrinkage in receptor repertoire, increased levels of autoantibodies, and a decreased production of long-term immunoglobulin-producing B lymphocytes have been reported (Listi et al. 2006; Stephan et al. 1996; Weksler 2000) . A progressive decline in the number and size of the germinal centers (GC) has also been reported with aging (Zheng et al. 1997 ), leading to a decrease in antibody-secreting plasma cells in the bone marrow (Manz et al. 1997) .
Besides a decreased number of B cells in the elderly, there is an age-related increase of serum concentrations of IgG, IgA, and to a lesser extent IgE, and a decrease in both IgM and IgD (Listi et al. 2006) . The percentage of IgM memory B cells is not significantly decreased but the absolute numbers are resulting from the decrease in total B cells with age (Frasca et al. 2008) . It has been suggested this reduction in IgM cells causes a reduction in specific antibody titers in the elderly vaccinated against pneumococcal polysaccharides and Streptococcus pneumoniae infection (Shi et al. 2005) and could be responsible for the impairment of the Bspecific^branch of humoral response (Frasca and Blomberg 2011; Frasca et al. 2005) .
T lymphocytes
T cell function declines with age in humans (Miller 1996) . As already mentioned, aging is associated with the involution of the thymus leading to a reduction in its contribution to the naïve T cell pool in humans (Aspinall 1997; Boehm and Bleul 2007; Klein et al. 2009; Li et al. 2003) . The peripheral T lymphocyte populations show a shift from naïve to memory phenotype cells in the elderly (Lazuardi et al. 2005) . This results in a decreased responsiveness, reduced responses to vaccination (Frasca et al. 2007; Weinberger et al. 2008) , attenuated delayed-type hypersensitivity (DTH) (Baumgartner et al. 1980) , and a decrease in the diversity of the antigen-recognition repertoire Goronzy et al. 1998) . Naïve CD4+ T cells isolated from the elderly display decreased in vitro responsiveness to T cell receptor stimulation and altered profiles of cytokine secretion when compared to younger individuals (Hsu et al. 2005) . Another age-associated change in the human immune system is the reduced proliferative response to mitogenic stimulation and an altered cytokine production (De la Fuente 2008).
One of the most important alterations in T cell profiles with aging is the decline in the expression of CD28. CD28, a major co-stimulatory receptor, is responsible for optimal antigen-mediated T cell activation, proliferation, and the survival of T cells. Ligation of CD28 with its cognate receptor on antigen-presenting cells is necessary, to induce the production of interleukin-2 (IL-2) and the expression of the IL-2 receptor, leading to T cell activation and proliferation. The impaired expression of CD28, which comes with aging, may downregulate these immune competences (Weng et al. 2009 ).
Aging also affects T cells that express the γδ T cell receptor on their surface, which normally augment CD8 + T cell allograft rejection, maintain the integrity of epithelial tissues, and lyse infected or transformed cells. There is a reduced number of circulating γδ T cells in the peripheral blood and a decreased repertoire with impaired expansion in vitro in cells isolated from the elderly (Giachino et al., 1994) . This impaired function of γδ T cells related to aging obviously coincides with the increased incidence of malignancy and chronic non-healing wounds in the elderly.
Natural killer T cells (NKT) cells, a unique T cell subset that has an important role in viral and antitumor cytotoxicity, are also affected by aging. There are two subsets of NKT cells-the invariant CD1d-restricted NKT cells (iNKT cells) and the CD8+ NKT cells (NKT-like cells). The number and proliferation capacity of iNKT cells substantially decline in old age, and NKT cells seem to acquire altered cytokine production, which might also contribute to the deleterious immune response in the elderly (DelaRosa et al. 2002; Peralbo et al. 2006) .
Lymphocytes from aged individuals show greater adherence to the endothelium due to an increase in the expression of adhesion molecules, pro-inflammatory proteins which play a crucial role in the cell-cell/ cell-matrix interactions and are implicitly involved in the immune response and inflammation process (Arranz et al. 2008; De la Fuente 2008) . Regulation of adhesion molecule expression by reactive oxygen species via specific redox sensitive mechanism have been reported (De la Fuente 2008; Roy et al. 1998 ). The increase in adherence and decrease in chemotaxis observed in aged individuals may show an important link between inflammation, vascular aging, or vascular diseases and contributes to poorer age-related adaptive lymphocyte functions.
Scrutinizing this long list of changes of an aged adaptive immune system, we can conclude that it displays numerous age-related defects and impairments in both the B cell and the T cell compartments, that the changes are found in the humoral and cellular arm of adaptive immune response, and that they are both quantitative and qualitative, finally leading to a reduction in resistance to infections and other environmental and internal pathological challenges to immune system. The impact of age on hematopoietic stem cells Age definitely affects the cellular source of the immune system, i.e., hematopoietic stem cells. Stem cells replace adult cells lost to homeostatic turnover, injury, and disease. Although the number of stem cells usually increases with age, their function declines in a variety of tissues, including blood, forebrain, skeletal muscle, and skin. Declines in stem cell function contribute to degeneration and dysfunction in various aging tissues, especially regenerative and hematopoietic tissue. Since the hematopoietic stem cells are of key importance in the latter, the consequences of their aging are of great importance to immune and hematopoietic systems.
Indeed, aging impacts HSCs in different ways. As already mentioned, one of them is the decline in lymphopoiesis with age that may be a consequence of the increased propensity of HSCs to differentiate towards myeloid rather than lymphoid lineages as reviewed by several authors (Sharpless and Depinho 2007; Sharpless and Schatten 2009 ). Similar to most tissues, the aged hematopoietic system exhibits a reduced capacity to regenerate and return to normal homeostasis after injury or stress (Beerman et al. 2010) . The aged HSCs also exhibit impaired repopulation potential per stem cell (Rossi et al. 2005 ) and a decreased homing efficiency (Beerman et al. 2010; Cho et al. 2008; Dykstra et al. 2011) .
The age-related decline of HSCs is not only functional, but also quantitative. The number of HSCs steadily increases with age, but this is due to differentiated blood cells arising from just a few HSC clones, suggesting that the number of active, functional HSCs declines with age (Jaiswal et al. 2014 ). This has been interpreted as a compensatory increase in HSCs in response to a decline in their function and their ability to differentiate (Beerman et al. 2010; Genovese et al. 2014 ). The study of Holstege et al. (Holstege et al. 2014) suggests that HSCs have a finite lifespan, leading to clonal hematopoietic exhaustion in extreme age. The exhaustion is associated with clonal hematopoiesis, where a substantial proportion of mature blood cells is derived from a single dominant HSC lineage. In age-related clonal hematopoiesis, a gradual clonal expansion of HSCs with specific, disruptive, and recurrent genetic variants is observed. Age-related clonal hematopoiesis is a common condition, and it is associated with increases in the risk of hematologic cancer and in all-cause mortality, with the latter possibly due to an increased risk of cardiovascular disease (Genovese et al. 2014; Jaiswal et al. 2014 ). Genovese et al. reported in a study of 12,380 individuals that clonal hematopoiesis with somatic mutations increase with age, observing an incidence of 10% in the > 65-year-old group compared to 1% in the < 50-year-old group (Genovese et al. 2014 ). This was confirmed in a larger study by Jaiswal et al. (2014) , where the presence of somatic mutations after 40 years of age was associated with an increase in the risks of hematologic cancer, coronary heart disease, and ischemic strokes (Jaiswal et al. 2014) . It is therefore suggested that treating or even preventing age-related clonal hematopoiesis may be beneficial for human health (Shlush 2018) .
Collectively, we could say that aging affects the quantity and quality of HSCs, thereby reducing their regenerative capacity with decreased self-renewal, reduced clonal stability, reduced homing and engraftment capacity, and lineage commitment biased into myeloid progenitors, which adds to the burdens of aging immune and hematopoietic systems. We therefore agree with the opinions of authors that maintaining a robust hematopoietic/immune stem cell pool is essential for preventing age-related defects of the innate and adaptive immune system, as well as for preventing age-related clonal hematopiesis and other age-related declines of HSCs (Boyette and Tuan 2014) .
Immune system-related diseases as the main cause of death in the elderly Mortality and life span are epidemiological traits that can easily be statistically monitored and analyzed. The top 10 causes of death in the USA in 2012 in the over 65 age group are shown in Table 2 . The majority of causes shows some characteristics of, or are directly caused by or related to, the impaired immune status found in the elderly. We shall discuss these relationships in brief.
Atherosclerosis is a typical disease of the elderly. In 2012, this disease was the most common cause of death worldwide (Finegold et al. 2012) . It is an inflammatory disease in which immune mechanisms interact with metabolic risk factors to initiate, propagate, and activate lesions in the arterial tree (Lakatta and Levy 2003) . It is now generally accepted that the pathological process is characterized by the focal subendothelial accumulation of apolipoprotein-B-containing lipoproteins that acquire features of damage-associated molecular patterns and trigger first an innate immune response, dominated by monocyte-macrophages, and then an adaptive immune response, resulting in an accumulation of immune cells in vascular walls, and an accumulation of extracellular matrix. The inflammatory thickening of arterial walls leads to their narrowing, with the obstruction of coronary arteries causing heart infarction, and the obstruction of brain arteries and strokes (Hansson 2005; Tabas and Lichtman 2017) .
A stroke (cerebrovascular accident (CVA)) is the rapid loss of brain function due to a disturbance in the blood supply to the brain. This can be due to ischemia caused by a blockage (thrombosis, arterial embolism), or a hemorrhage. The majority of CVAs are caused by atherosclerosis, elevated blood pressure, and diabetes; the atherosclerotic changes being related to immune senescence as described in the previous paragraph. Similarly to heart disease, cerebrovascular disease is primarily one of old age; the risk of developing it increases significantly after the age of 65 (Woollard 2013) .
The second most common cause of death in the elderly is cancer. A competent immune system can recognize and destroy nascent tumor cells in a process called cancer immunosurveillance, an important defense against cancer (Burnet 2013) . During immunosurveillance, the immune system recognizes the cancerous cells, tumor-specific CD4+ and CD8+ T cells home to the tumor site and the cytolytic T lymphocytes destroy the antigen-bearing tumor cells (Dunn et al. 2006 ). The aging immune system has an impaired immuno-surveillance capacity, which is correlated with increased incidence of cancer in older population (Anisimov et al. 2009; Fulop et al. 2013; Pawelec et al. 2006) .
Many other diseases contribute to morbidity in old age, such as various autoimmune diseases, chronic and acute infections, pneumonia, diabetes, septicemia, and nephritis (see Table 2 ). Interestingly, as a rule, they are all closely related to, or are even caused by a deteriorating immune system. A fully competent immune system would be beneficial in relation to these diseases of the elderly; a key factor to healthy longevity is therefore a healthy immune system.
The heterochronous transplantation of autologous hematopoietic stem cells from an earlier period of life
The heterochronous transplantation of young and competent autologous stem cells from an earlier period of life is a modification of current transplantation technologies. Its fundamental principles have been clinically proven over decades, since hematopoietic stem cell transplantation (HSCT) has been widely used for the treatment of hematological and other malignancies, genetic diseases, as well as some autoimmune and metabolic diseases. Transplantation with healthy HSCs, either in the form of autologous or allogeneic HSCT, has been performed with great success for over four decades. Autologous HSCT is used to bridge hematopoietic failure during high-dose chemotherapy for the treatment of malignancies of the hematopoietic system that are sensitive to this treatment. Allogeneic HSCT is used to replace the hematopoietic system in patients with acquired or congenital failure, and more commonly to exploit the graft-versus-tumor effect of allogeneic cells (Copelan 2006; Gyurkocza et al. 2010) . Nowadays, peripheral blood (PB) HSCs are the preferred stem cell source for HSCT and are used in 80% of transplants. In the autologous HSCT settings, PB HSCs have completely replaced marrow as a stem cell source. HSCs are mobilized into the peripheral blood by using granulocyte colony-stimulating factor (G-CSF) and collected by continuous large volume (15-25 l) apheresis (Gratwohl 2013) . In 2011, 35,660 HSCTs were performed worldwide (42% were allogeneic, and 58% were autologous) (Passweg et al. 2013) . Up until 2013, more than 1 million HSCTs have been performed worldwide (Gratwohl et al. 2015) . The success of HSCT was based on animal studies pioneered by a team at the Fred Hutchinson Cancer Research Center led by E. Donnall Thomas, who later received a Nobel Prize in 1991. They and many other authors showed that HSCT could be safely clinically translated to human medicine, based on studies in rodents and canines (Thomas et al. 1957) . They have shown that in both autologous as well as in allogeneic settings, the transplanted HSCs completely replenish the hematopoietic and immune functions of the recipient that had been irradiated or chemically immunoablated.
The transplanted HSCs repopulate bone marrow de novo, thereby establishing a complete repertoire of cells required for the normal immune and hematological status of the recipient (Thomas 1999; Toubert 2012) . In order to achieve successful engraftment, the stem cells must home to their niches and must successfully proliferate and differentiate into hematopoietic and immune cells. Several authors in the 1990s showed that the homing of autologous HSCs with a stable and long-lasting hematopoietic and immune chimerism can be easily achieved in a non-immunoablated autologous setting and that the level of resulting chimerism has a linear relationship with the number of transplanted hematopoietic stem cells (Kamminga et al. 2005; Quesenberry et al. 1997; Rao et al. 1997; Stewart et al. 1993 ).
What could be expected from heterochronous autologous hematopoietic stem cell transplantation?
Based on the facts mentioned above, we expect that young autologous stem cells that are kept cryopreserved for a long period will effectively engraft in the bone marrow of the same individual in a non-myeloablative autologous setting, and that they will retain the ability to proliferate and differentiate. Supporting this conclusion is the finding that when young HSCs are transplanted into an older individual, the majority of transplanted clones steadily contribute to hematopoiesis in the long-term (Verovskaya et al. 2013) . Also, we have recently shown in an animal model that the non-conditioned haHSCT leads to a stable chimerism in the bone marrow HSCs as well as in the myeloid and lymphoid progenitor subpopulations of the recipient, clearly showing a linear dose-dependent response. Extrapolating these results to the human setting, we found that approximately 44 million CD34+ HSCs would be needed to achieve 20% donor chimerism in a 70-kg human, which is probably sufficient for a substantial replacement of aged HSCs (Jazbec et al. 2018) .
Regarding the innate immune system, we expect that the transplanted HSCs with their healthy progeny will act favorably by supplementing the aged cells of the innate immune system, which could decrease the amplified immune stimulation at the basal level on one hand, and augment the immune paralysis of specific functions on the other, as well as diminish the cumulative alterations in the innate immune system that negatively impact the adaptive immune system with aging.
Regarding the adaptive immune system, we expect that the transplanted HSCs with their healthy progeny could have an array of positive effects on the long list of age-related changes to the adaptive immune system, including both the B cell and the T cell compartments and consequent humoral and cellular arms of adaptive immune response, and that the effects could be both quantitative and qualitative, leading to an increased resistance to infections and other environmental and internal pathological challenges to the immune system.
Regarding the stem cell pool, we expect that the transplanted competent HSCs could supplement the quantity and quality of aged HSCs, enhance their regenerative capacity, increase self-renewal, improve clonal stability, upgrade homing and engraftment capacity, and decrease the biased myeloic lineage commitment. Similarly, haHSCT could prevent or reduce age-related clonal hematopoiesis and some other age-related declines of HSCs.
Related work
Although autologous HSCT is currently used mainly for the treatment of malignant hematological diseases, it could also be used in the therapy of age-related diseases by improving compromised immunity. Such rejuvenation of an immune system is not a new idea. A similar approach was described in 2007 by Charron, who proposed that autologous white blood cells collected and cryopreserved at a young age would represent a valuable biological resource for the restoration of immunity (Charron 2007) .
Several other authors have assessed the idea of rejuvenating the immune system. Lang et al. categorized the different approaches to rejuvenating the immune system into the 3Rs: Restoration, Replacement, and Reprogramming . Restoration strategies aim to maintain a normal thymic environment by using growth hormones, sex steroids, growth factors, nutrients, and cytokines. For instance, IL-7 could have significant potential in the treatment of viral infections, boosting immune recovery after bone marrow transplantation, or to improve the immune system (Rosenberg et al. 2006; Sportès et al. 2010; Sportès et al. 2008) . Replacement strategies aim to restore lost immune functions using several techniques including the transfusion Animal studies-Life span extension after the transplantation of young stem cells Besides its influence on immunity, several animal studies have shown that the heterochronous autologous stem cell transplantation concept does increase life span. Some authors used autologous HSCs, whereas others used other types of stem cells. Interestingly, several positive results besides life span extension were observed. In 2005, Kamminga et al. repeatedly transplanted 4-5 × 10 6 unfractionated BM cells isolated from young (6-to 8-week-old) mice to non-irradiated older (> 16 months old) recipient mice. The transplanted recipients survived 10% longer than the non-transplanted animals. This lifespan extension however did not reach statistical significance (Kamminga et al. 2005) .
In 2009, Selesniemi et al. reported that the transplantation of young BM cells into adult female mice maintained their reproductive potential past the time of normal senescence. The authors stressed that the female reproductive axis provides an excellent model for understanding age-related organ degeneration, the ovaries undergo functional decline and senescence relatively at an older age of autologous blood derived leukocytes from the same individual taken at an earlier age . Replacement could also involve the use of ex vivo generated naïve T cells (de Pooter et al. 2003; Hare et al. 1999) , or the physical removal of senescent cells from circulation with the aim of inducing the homeostatic expansion of the more functional populations of memory T cells (Hadrup et al. 2006; Lang et al. 2011; Trzonkowski et al. 2003) . Reprogramming strategies are the most revolutionary, one of them being the enhancement of telomerase activity to restore telomeres, which could extend cellular lifespan (Westin et al. 2007) . Another is based on the rejuvenation of the self-tolerant cell-mediated and humoral immune system, which is clinically possible and safe, and is now used for treating autoimmune diseases (Alexander et al. 2009; de Kleer et al. 2006) . Clinical trials have indicated that immunoablation followed by autologous HSCT actually had the potential to induce remission in subjects suffering from refractory autoimmune diseases (Burt et al. 2006; Rosen et al. 2000) , even for highly active multiple sclerosis Sormani et al. 2017 ).
early in life compared to other tissues and organs, and that the physiological decline with age could be postponed by in vivo delivery of cells harvested from young adults, known to be a rich source of stem cells (Selesniemi et al. 2009 ).
Originally studying the effect of BMT on osteoporosis, Shen et al. (2011) found that transplanting mesenchymal stem cells (MSC) from young to old mice not only significantly slowed the loss of bone density, but also prolonged the life span of old mice. In their study, mice were intravenously transplanted with 1 × 10 6
MSCs from either young (1-2 months) or older mice (20-24 months). The mice which received young MSCs have a significantly longer life span of around 16.3% (Shen et al. 2011) . Khan et al. (2011) used MSCs from young mice (2 months) for treatment of myocardial infarction in 18-month-old mice. MSCs from young and aged animals were transplanted into the border of the infarcted region in the heart and the effects measured. The results led to the conclusion that the repair potential of MSCs is dependent on the age of the donors, the repair of senescent infarcted myocardium requiring young healthy MSCs (Khan et al. 2011) .
Lavasani et al. in 2012 have shown, using progeria mice, that intraperitoneal administration of muscle-derived stem/progenitor cells isolated from young wild-type mice conferred a significant extension of lifespan of up to 30%. In this study, the characteristic progeroid symptoms (dystonia, trembling, kyphosis, ataxia, muscle wasting, loss of vision, urinary incontinence, and decreased spontaneous activity) were alleviated. According to the authors, the data provides evidence that loss of stem cell function has a direct causal role in age-related degeneration. These results strongly suggest a therapeutic potential of young stem cells to improve health and extend life span (Lavasani et al. 2012) . Kovina et al. in 2013 transplanted old mice (21.5 months) with BM cells from young donors (1.5 months). Transplantation was carried out without myeloablation with up to 150 × 10 6 cells which is 25% of the total BM cells of the mouse. The mean survival time was + 3.6 and + 5.0 (± 0.1) months for the control and transplant groups, respectively, corresponding to a relative increase in life span of 39 ± 4% (measured from the day of transplant) in the latter group of mice (Kovina et al. 2013 ). Kim et al. (2015) reported that young stem cells, when intravenously transplanted to old rats, extended their life span by up to 31.3%. They intravenously transplanted human amniotic membrane-derived mesenchymal stem cells (AMMSCs) obtained from a newborn placenta, or adipose tissue-derived mesenchymal stem cells (ADMSCs) from a 53-year-old voluntary donor, to 10-month-old male rats. Small numbers of stem cells (1 × 10 6 ) were transplanted once a month i. v. throughout the remaining life of the animals. The mean life span of the rats was extended by 23.4 and 31.3% by treatment with AMMSCs and ADMSCs, respectively. It was also noticed that this intervention also improved the cognitive and physical capacities of the old animals. Although the authors did not discuss the histocompatibility aspect of this experimental model, the study demonstrates that repeated treatment with stem cells in aged animals has an antiaging potential and extends healthy life span (Kim et al. 2015) .
Another important observation is that donor stem cells can infiltrate several non-hematopoietic host organs. For instance, donor stromal cells and stem cells can migrate to the thymus, where they can participate in the positive selection of thymocytes, resulting in the rejuvenation of thymic function, leading to the improved functions of the adaptive arm of the immune system (Li et al. 2000; Takaki et al. 2008) .
Interestingly, none of the existing studies has systematically addressed the background of the immune aspects of the antiaging effect in their HSC transplantation models, although there is a wealth of experimental data suggesting that immunosenesce increases the susceptibility to infections, cancer, autoimmune, and other inflammatory diseases of the old age. The fact that the immune status in different animal models has not been evaluated in this context allows for further studies that would confirm this immune rejuvenation-related aging hypothesis.
Human studies-Effect of transplantation of young donor stem cells
The postulated beneficial effect of young stem cells is generally accepted in the BMT community since several studies have demonstrated their exceptional therapeutic effects. A retrospective analysis of 6978 BMTs facilitated by the National Marrow Donor Program (NMDP) from 1987 to 1999 suggested that donor age is an important factor with younger donors associated with better overall survival and lower rates of acute and chronic graft-versus-host disease (GVHD). Five-year overall survival rates for recipients were 33, 29, and 25%, respectively, with donors aged 18 to 30 years, 31 to 45 years, and over 45 years (P = 0.0002) (Kollman 2001) . This was again confirmed in another large multicenter study of unrelated HSC transplantations in 2016 that showed in more than 6000 cases of allogeneic BMTs between 2007 and 2011, that patient survival was significantly better after receiving grafts from younger donors (aged 18-32 years). For every 10-year increment in donor age, there was a 5.5% increase in the hazard ratio for overall mortality (Kollman et al. 2016) . This indicates that younger stem cells are more immunologically efficient than older stem cells. This is probably one of the most important findings in this field, suggesting that for stem cell therapies, grafted stem cells should be young and devoid of senescent defects. This has even resulted in a change of general policy of various bone marrow registries which now recruit younger donors; in 2012, Anthony Nolan became the first BM donor registry to lower the recommended age of donors to 16-30 years (see http://www.huffingtonpost. co.uk/henny-braund/new-research-will-help-fi_ b_16390148.html).
Similar deductions can be made after autologous HSCT settings. For instance, after autologous HSCT in patients with multiple sclerosis, older patients had inferior outcomes compared to younger counterparts (Burt et al. 2003; Mancardi and Saccardi 2008) . Even more convincing is the fact that in patients undergoing autologous HSCT, a close correlation of aging with impaired long-term hematopoietic regeneration was found (Woolthuis et al. 2014) . This is also supported by a previous finding in 63 patients undergoing reduced intensity allogeneic HSCT, where a younger donor age was associated with a better outcome (Mehta et al. 2006) , and by McCurdy et al. who reported on similar effect of age in 928 cases of haploidentical transplantation in adults with hematologic malignancy between 2008 and 2015. The mortality risks in their study were higher with donors aged over 30 years (hazard ratio, 1.39; P < 0.0001) (McCurdy et al. 2018) . Since donor age is such an important concern in BMT, some authors even argue that special efforts should be made to rejuvenate aged HSCs in vitro in order to improve their performance (Guidi and Geiger 2017) .
Collectively, we can conclude that these findings strongly support the idea of the rejuvenation of the hematopoietic stem cell pool and immune system derived therefrom, with the transplantation of young autologous bone marrow stem cells collected during youth and cryopreserved for a lengthy period, i.e., haHSCT.
The ambiguities, limitations, and caveats of haHSCT Heterochronous autologous HSCT presents interesting possibilities for human medicine. Apart from restoring or rejuvenating an aged immune system with its corresponding beneficial impact on age-related diseases and longevity, the use of long-term cryostored autologous HSCs could additionally have potential health benefits for an individual. For example, the stored stem cells could be used for regenerative purposes, for treating non-malignant and malignant diseases, for gene therapy, and as a general biological repository since they could be used for trauma, burns, or irradiation disasters such as the Fukushima case. There is increasing interest in the use and application of stem cell treatments in the healthcare sector, and individuals who have their own biological repository of young HSCs will be able to take advantage of any future medical advances. However, this topic is speculative and transcends the scope of this article.
The donation of HSCs is a generally safe procedure for healthy donors, although adverse reactions are a definite risk. Bone pain, fatigue, headache, and flu-like symptoms are the most common side effects of peripheral blood HSC collection and develop in around 15% of healthy donors. The side effects are mostly transient and well tolerated. Severe adverse events are uncommon in healthy donors. At present, there is no definitive evidence to show that stem cell donation increases the risk of marrow failure or the development of cancer in donors. In 2013, Hölig reported data regarding efficacy, and the short-and long-term safety of G-CSF treatment gained from 8290 PBSC collections in healthy donors. Malignancies were reported in 28 donors (0.34%), 8 of these being hematologic malignancies (Hölig 2013) . In 2014, Pulsipher reported in a data set of 2726 BM and 6768 PBSC unrelated donors that the overall incidence of cancer was not significantly different between BM and PBSC donors. In addition, it was lower than that of the general population (Pulsipher et al. 2014) . In 2012, the WMDA replaced its existing statement in consent forms, which now conclusively states that:
BStudies following large numbers of unrelated donors have shown that the risk of developing cancer within several years after the use of G-CSF is not increased compared with donors not receiving G-CSFT he evidence on which this statement is based has been reviewed by Shaw et al. in 2015 (Shaw et al. 2015 . Nevertheless, all donors must be carefully evaluated according to the standards for allogeneic HSC donors, be fully informed of potential risks and side effects, and they have to give informed consent before donation (Billen et al. 2014; Chen et al. 2013; Donmez et al. 2011; Moalic 2013; Pamphilon et al. 2009 ).
Another source of potential adverse reactions comes from the direct re-infusion of cryopreserved stem cells due to the cryopreservative agent used, typically dimethyl sulfoxide (DMSO). Symptoms range from relatively mild (nausea, vomiting, abdominal cramping, headache, hypotension, rapid heart rate, shortness of breath, fever or chills, hives, tightness in the chest, coughing, chest pain) to rare but much more serious, life-threatening complications, including allergic reactions, gastrointestinal, cardiovascular, neurological, renal, and hepatic dysfunctions. Incidence is very variable in different reports, which have only been made on patients with serious diagnoses. Many studies recommend depletion of DMSO before cell infusion. Strategies to minimize these adverse effects include pre-and post-infusion medication, optimizing the infusion procedure, and reducing the DMSO concentration. Safe, simple, automated, controlled, effective and low-cost methods are being developed therefore (Shu et al. 2014) .
The second limitation relates to the reliability of the direct translation of animal studies to human clinical medicine. Currently, there are no comparable studies available in humans, which is due to the lack of cryopreserved young autologous HSCs, to substantiate the principle proven in animal studies. The barriers in translating the animal studies to human clinical use are well known. However, in the case of HSC transplantation, the mouse is integral to our understanding of hematopoietic biology, having considerable genetic similarities to humans and has become a useful model for the study of HSC biology. The mouse has allowed for the discovery of self-renewing multipotent stem cells, provided functional assays to establish hematopoietic stem cell identity and function, and has become a tool for understanding the differentiation capacity of early hematopoietic progenitors (Goodman and Hodgson 1962) and molecular pathways including HSC mobilization (Papayannopoulou 2004; Winkler and Levesque 2006) . Studies in murine models have been translated to human medicine successfully as in the early development of novel mobilizing agents such as KIT ligand/ stem cell factor (Bodine et al. 1993) , interleukin-8/ CXCL8 (Laterveer et al. 1995) , Flt-3 ligand (Brasel et al. 1996) , thrombopoietin (Honda et al. 2001) , Grob/CXCL2 (King et al. 2001) , AMD3100 (Hess et al. 2007) , and others as reviewed by Herbert et al (Herbert et al. 2008) .
As reviewed recently by Hulsdunker and Zeiser, mouse models have been important for the better understanding of the biology of GvHD (Hulsdunker and Zeiser 2015) . Murine GvHD models contributed significantly to the understanding of the cytokine storm, the role of individual cytokines and chemokines, the role of CD4 and CD8 T cells, and host DCs and NK cells to GvHD. New findings in the pathogenesis or prevention of GvHD are indicative of the importance of the translation of mouse models to the clinic with a significant impact on the treatment and prevention strategies used in patients undergoing HSCT.
However, on the other hand, some toxicities of different substances only became apparent during phase I clinical trials in human subjects. Stem cell factor (SCF) is an example where the effects of its activity alone, and its synergy with G-CSF in mobilizing HSC, was well demonstrated in mice (Bodine et al. 1993) . Studies in humans showed that SCF induced mast cell degranulation in the human, which could cause anaphylaxis. This was later shown to have an acceptable tolerability profile (Columbo et al. 1992; To et al. 2003) .
Another difference between mouse and human HSCs is their cell cycle status. Approximately 75% of mouse HSCs are outside of G0 since they divide faster than human cells. Studies analyzing telomere length have estimated that mouse HSCs divide every 2.5 weeks, cat HSCs every 8-10 weeks, baboon and macaque HSCs approximately every 36 weeks, and human HSCs every 45 weeks (Abkowitz et al. 1995; Cheshier et al. 1999; Guttorp et al. 1990; Shepherd et al. 2007) . Although this HSC feature differs between mice and humans, it is beneficial for human medicine as it allows fast translation to the human physiology.
There are some newer caveats regarding the background of immunosenescence that have to be taken into account. For instance, Fulop et al. question the view that Some others discovered that additional factors play a role in sustaining a healthy immune system, for instance the composition of the gut microbiota, which change with age in subjects ranging from 22 to 109 years of age, and possibly has a large influence on inflamm-aging and immunosenescence. An increase in bacterial species which are considered very Bgood,^was observed in Italian, Japanese, and Chinese centenarians despite the differences in diet and genetics of the aged subjects (Biagi et al. 2016; Santoro et al. 2018) .
It has been suggested that together, immunosenescence and inflammaging stand at the origin of most of the diseases of the elderly, such as infections, cancer, autoimmune disorders, and chronic inflammatory diseases. However, interventions on the aging immune system by targeting its rejuvenation should aim to maintain general homeostasis and function by appropriately improving immune functions, meaning that they will need to be personalized and the immune history of the individual will have to be taken into account in order to achieve and sustain a very complex immune equilibrium (Fulop et al. 2017) .
Concluding remarks and future perspectives
Prevention or postponing aging and senescence is a popular topic in science, in the commercial sector as well with the general public. Considerable resources have been used, particularly in the commercial sector, to develop a simple pharmacological solution. However, currently, this is still elusive, so critical authors have stated that instead of finding a single Bsilver bullet^such as agonists or antagonists of specific signaling pathways, better strategies have to be explored (Conboy et al. 2015) . Although there is some evidence that short-term treatment with rapamycin can improve HSC function in aged mice (Chen et al. 2009 ) and perhaps people as well (Mannick et al. 2014) , which may be related to the ability of similar transient treatments to increase life expectancy up to 60% in mice (Bitto et al. 2016) , critical authors hold that specific pharmaceutical substances for antiaging effect are not yet clinically widely available, as is discussed in recent reviews by Blackburn et al. (Blackburn et al. 2015) and Dolivo et al. (Dolivo and Dominko, 2016) .
Presented in this paper is one promising strategy, that of infusing young healthy autologous hematopoietic stem cells, collected during youth, cryopreserved for a lengthy period, back into the same individual, who has an increased risk of cancer or other immune-related diseases of the elderly, at a later date. Several issues remain to be resolved before the clinical translation of the haHSCT procedure. The technical requirements of HSC collection, such as their processing and long-term storage for several decades and their re-infusion became a routine due to numerous HSCT transplantations that have been performed worldwide, and should not present any technical hurdles. Since the scientific evidence of the effectiveness of haHSCT in life span extension is currently based on animal studies only, and the human evidence is based on indirect evidence, doubts may be felt regarding animal to human translation. However, it is encouraging that murine and human biology are similar enough to have allowed the direct clinical translation in various cases of allogeneic bone marrow transplantation. A prospective human translational clinical trial would require many decades before it could be performed; therefore, research on short living animal and in vitro models remain the only possible proof of the principle.
Future research will have to answer the following questions that are still pending:
1) At what age should haHSCT take place, and how many times it should be repeated? 2) How will the immunity and the objective aging status of an individual be measured in order to determine the optimal time for intervention? 3) What is the optimal cell dosage for haHSCT? 234 GeroScience (2018) 40:221-242 immunosenescence represents an exclusively detrimental role in aging saying that from an evolutionary perspective, the immune change that occurs in the elderly is merely an immunoremodeling or adaptation resulting from chronic aggressions and time (Fulop et al. 2017 ). Their opinion is based on some observations that the overall incidence of malignancies decreases after the age of 90 (Yang et al. 2012) and that in Canada in 2013, only 4.1% of deaths in individuals aged over 65 could be directly attributable to infectious causes, and that many autoimmune diseases actually start in middle age, that is before signs of immunosenescence or inflamm-aging are detectable (Fulop et al. 2017) . They further state that there is no doubt that immunosenescence and inflamm-aging contribute to the increased incidence of age-related diseases, but they do not call for the rejuvenation of the immune system. 4) What is the best protocol for the homing of young HSCs, for the displacement of old HSCs, and for achieving the optimal chimerism of competent immune progenitors? 5) Are there any ethical questions regarding haHSCT?
Finally, there remain certain the social questions, such as: 6) What will be the accessibility and cost of such procedures, how will it impact the current health and social welfare systems, and what will be the regulatory framework required to collect, process and store Brainy day^HSC harvests from many individuals?
We hope that further scientific evidence will provide answers to these questions and confirm the basic principles of haHSCT, which could contribute to the prevention or mitigation of old age-related diseases, to an improvement in the quality of life experienced in old age, and to the extension of a healthy life span.
